The resonance structure in molecular hydrogen above the n = 2 dissociation limit is experimentally investigated in a 1 XUV + 1 VIS coherent two-step laser excitation process, with subsequent ionization of H(n = 2) products. Diffuse spectral features exhibiting widths of several cm −1 in the excitation range of 118 500-120 500 cm −1 are probed. Information on angular momentum selection rules for parallel and crossed polarizations, combination differences, the para-ortho distinction, extrapolation from rovibrational structure in the bound region below the n = 2 threshold, and mass-selective detection of H 
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I. INTRODUCTION
The quantum level structure of the smallest molecule and the benchmark system of molecular physics, H 2 , can be conveniently subdivided into compartments. The quantum states of triplet symmetry have been investigated over many decades; we refer to the metastable c 3 u , v = 0 state discovered by Lichten, 1 later used to perform high-resolution laser spectroscopic studies, 2 and the studies on dissociation in the triplet manifold. 3, 4 The spin-orbit interaction between levels of singlet and triplet symmetry is very small, to the extent that for a long time the separation between singlet and triplet quantum levels was erroneously deduced. 5 In this investigation on the level structure of singlet symmetries in H 2 the effect of the triplet states can be safely ignored.
A second distinction can be made between quantum states of gerade and of ungerade inversion symmetry. Even in the case of breakdown of the Born-Oppenheimer approximation, there is no interaction between states belonging to these subclasses, while at the same time one-photon optical transitions occur only between states of u and g characters. The states of singlet-u symmetry have been investigated via the strong dipole-allowed B g Werner bands at high accuracy in the laboratory and at high redshift in quasars. 6, 7 The next higher lying D 1 u system (pre)-dissociates above the n = 2 limit; the dissociation is caused by coupling to continua associated with bound states below n = 2, most notably of the B 1 + u continuum. 8, 9 In the singlet-u compartment there is no repulsive state causing the dissociation, in contrast to the situation in the singlet-g compartment.
The excited states in the singlet-g compartment of H 2 cannot be reached in single-photon excitation from the a) Author to whom correspondence should be addressed. Electronic mail:
wimu@few.vu.nl. g states were investigated in spectroscopic emission studies in the optical domain, with a wealth of data laid down in the Dieke atlas. 10 Further, series of gerade states, some of high angular momentum (4 f , 5g, and 6h), were observed in Fourier-transform emission studies by Herzberg, Jungen and co-workers. [11] [12] [13] Later, multiphoton excitation was used in particular to investigate EF 1 + g , the lowest excited state in this compartment.
14, 15 Tsukiyama and coworkers performed fluorescence lifetime measurements on a variety of singlet-g quantum levels in H 2 below the n = 2 dissociation limit, 16, 17 and in addition some metastable levels of (f)-symmetry for the various hydrogen isotopomers. 18 The level structure of singlet-g states was unraveled based on nonadiabatic ab initio calculations in the comprehensive work by Yu and Dressler. 19 Ross and Jungen succeeded in providing assignments of the bound gerade levels below the n = 2 limit via multichannel quantum defect theory (MQDT). 20 An alternative first principles calculation of the singlet-g levels was reported by Andersson and Elander. 21 In a recent experimental study the level energies of many bound quantum states of singlet-g symmetry below the n = 2 dissociation limit were determined at very high precision, 22 with absolute reference to the ground state. 23, 24 To assist the discussion the calculated BornOppenheimer potential energy curves of all relevant states of singlet character and gerade symmetry in the region below and above the n = 2 limit [25] [26] [27] are displayed in Fig. 1 . The EF 1 + g and GK 1 + g states have only bound levels below the n = 2 limit and exhibit a continuum above the dissociation limit. The HH 1 + g potential exhibits an outer well in which a series of nondissociative sharp resonances is experimentally observed. 29, 30 The molecular wave functions of these states (H 1 + g ) are confined to large internuclear separations, and the large barrier prevents interaction with the levels at short internuclear separation (H 1 + g ). Hence, these levels are energetically above the n = 2 dissociation limit, ) well occurs, these states are subject to dissociation as well as ionization. 31, 32 Similarly, the levels in the shallow outer well of the I 1 g state below the n = 2 limit do not couple to the states confined to the I 1 g inner well. 33, 34 The existence of an all-pervading repulsive potential of (2 pσ u ) 2 orbital symmetry is crucial. We note that the effect of this diabatic potential, which acts as a perturber, is already included in the shape of the adiabatic curves. In effect, it causes the double-well structure of the 1 + g adiabatic potentials. Furthermore, it is at the origin of the occurrence of strong dissociation phenomena in most singlet-g resonances in the lower energy region just above the n = 2 limit.
In the present laser spectroscopic study the predissociative resonances of 
II. EXPERIMENTAL
The present experiment entails a three-color laser excitation experiment, with photons ν VIS from a tunable dye laser in the visible range (588-658 nm), UV photons ν UV from an independently tunable frequency-doubled dye laser (290 nm), and extreme ultraviolet photons (≈97 nm) obtained via frequency tripling ν XUV = 3 × ν UV . These induce the following multiphoton excitations and reactions in the hydrogen molecules in a collimated pulsed molecular beam expansion: 
The excitation scheme and the relevant pathways (1)-(6) are displayed in Fig. 2 . Via a 1 XUV + 1 UV two-step ionization process, following reactions (1) and (2), the XUV-laser is parked on R(0), R(1), R(2), R(3), Q(1), Q(2), and Q(3) lines in the C-X(2,0) band of H 2 , 35 therewith populating specific quantum states J and (e) or (f) parity components in the C 1 u , v = 2 state. The generic process of the present study is the sequence (1)- (3)- (4)- (5), where a coherent 1 XUV + 1 VIS two-photon process excites a dissociative resonance (H * * 2 ), which decays to H(1s) and H(n = 2) fragments, with the latter converted to H + upon UV absorption. While probing different intermediate states and scanning the VIS-laser dissociation spectra are recorded. These signals suffer from the shot fluctuations of both the H 2 density in the pulsed molecular beam as well as of the intensity noise on the XUVpulses generated in a nonlinear process. These fluctuations are monitored in the H + 2 channel, which is distinguished in the experiment by time-of-flight mass selection before particle detection. The signal-to-noise ratio in the dissociation spectra (H + channel) is improved by dividing by the signal in the H detection. The excited states are longerlived nondissociative resonances occurring above the n = 2 limit, some of them previously observed. 19 The sharp resonance at 119 768 cm 
III. RULES FOR ASSIGNING THE RESONANCES
For an assignment of the dissociative resonances an empirical approach is followed, which is found on a number of considerations:
(i) Due to the u-g and = 0, ±1 dipole selection rules in optical excitation, via an intermediate state of g symmetries can be reached at the two-photon level. This holds only in so far the Hund's case (a) approximation holds, and we limit ourselves to this. States of higher electronic angular momentum may be mixed in, e.g., via configuration mixing, but these are neglected.
(ii) A distinction can be made between levels of parahydrogen and ortho-hydrogen; optical excitation does not transfer population between these subclasses.
(iii) Selection rules impose constraints on parity, both the total (+) or (−) parity of the quantum states, and the (e) and (f) electronic symmetries.
(iv) The selection rules further impose that angular momentum quantum numbers are constrained to J = 0, ±1 transitions; this leads to a scheme displaying all allowed transitions in the coherent double-resonance experiment as shown in Fig. 4 . The cases of para-and ortho-hydrogen are displayed separately.
(v) The scheme shows how for each selected intermediate state, only a limited number of final states can be reached; at the same time there exist different routes to reach each final state. In specific cases switching of the relative polarization of both laser beams alters the selection rules. One is based on the fact that for parallel polarizations the sequence (J = 0) → (J = 1) → (J = 1) is forbidden because of a zero value for a specific Wigner-3 j symbol: (vii) By plotting the spectra on a scale of common twophoton excitation energy (as in Fig. 6 ) using known level energies of intermediate states 36 resonances at the same energy can be graphically identified.
(viii) As for the vibrational levels an extrapolation from the bound region can be made for those potential energy curves that support vibrational levels below n = 2, such as, e.g., P 1 + g and I 1 g . (ix) Guidance is obtained from the previous observation of (−) parity electronic states in emission studies 19 for the J 1 − g and R 1 − g states; these levels are not subject to predissociation. It was verified that the resonances we observed are not the ones detected in the work of Herzberg, Jungen and co-workers [11] [12] [13] in the energy region near 120 000 cm −1 . (x) The -doubling in the doubly degenerate 1 and 1 states should be small. It is noted that this approximation breaks down due to -uncoupling, which is in fact known to occur in the energy region just below the n = 2 limit. 19, 20 (xi) It is assumed that resonances of consecutive rotational quantum numbers within the same vibronic manifold exhibit approximately the same widths.
(xii) Quantum interferences in the form of dips in the spectrum (such as the one at 119 420 cm −1 shown in the lower panel of Fig. 6 ) indicate that the interacting levels have the same J quantum number.
IV. RESULTS AND DISCUSSION
In Fig. 6 typical dissociation spectra are displayed for the specific case of ortho-hydrogen for four different intermediate states probed by exciting in the first step the Q(1), R(1), Q(3), and R(3) lines in the C-X(2,0) band of H 2 .
In Fig. 7 similar spectra for the case of para-hydrogen are shown, with excitation via the R(0), Q(2), and R(2) lines in the first step. The identification criteria (or "rules") mentioned in the above are used to unravel the character of the dissociative resonances. In this energy range the following excited states of g character are expected, with in brackets the molecular orbital symmetry. The I 1 g (3dπ g ) state correlates at large internuclear distance to the n = 2 dissociation limit. The H 28 and it exhibits, similar to the EF, GK, and HH states, a double-well structure. In the case of the 7 1 + g state the outer well is located at very large internuclear separations; in a previous three-laser excitation study it was attempted to probe bound levels at these very large intramolecular separations. 36 In the present study levels in the inner well of 7 1 + g are probed.
The assignments lead to the results listed in Table II , where next to the derived level energies also the widths of the dissociation resonances are presented. In the following the findings on each of the vibronic states are discussed. The resulting term levels are also displayed as a function of J (J + 1) in Fig. 9 . 18 yielding values which are remarkably close to the ones found in the present study.
Since I 1 − g is the lowest state in H 2 with negative parity (for g symmetry), predissociation by electronic or rotational coupling to another state with negative parity is excluded. Hence, the only possible mechanism through which I experimental observations are displayed in detail in Fig. 8 . Because this tunneling phenomenon involves only a single potential curve, the outward tunneling rates can be calculated in a semiclassical manner following the Jeffreys-WentzelKramers-Brillouin (JWKB) approximation:
from which the tunneling width (E, J ) can be derived for a certain energy E above the dissociation limit. The factor f v represents the classical vibration frequency defining each tunneling event. Furthermore, μ is the reduced mass of the H 2 molecule, V (R) is the ab initio potential energy curve for the II 1 g state 26 and E c (J ) is the centrifugal energy of the molecule, which is included in the analysis. This term in the equation makes the tunneling width dependent on rotational quantum number J . As in a previous example, where the inward tunneling was calculated for theH 1 + g outer well state 31 the vibration frequency f v was estimated from the vibrational spacing. This calculation leads to dissociation rates as listed in Table I .
In the work of Ross et al. 18 predictions were made on the lifetimes of the I 1 − g , v = 4 levels, which were indicated as metastable. In a more sophisticated treatment, including the emission rate and an improved calculation of the oscillation frequency factor f v accounting for the "softness" of the potential energy barrier with a quantum correction factor, 38 they find values (also listed in Table I) and is, therefore, assigned to a state. The broader one, starting from J = 1, then belongs to R 1 + g , v = 1. An avoided crossing between the two progressions at J = 4 can be observed. This results in line broadening in the progression consisting of narrow lines and in line narrowing in the progression consisting of broad lines.
C. The P 1 + g , v = 1 state Assignments in this manifold are complicated due to the perturbation of the adiabatic potential energy curve by the repulsive (2 pσ u ) 2 diabat, which makes the vibrational interval irregular, as is clearly visible in Fig. 1 . Considering that the band origin of the P Fig. 7) . The apparent 300 cm −1 downshift of the band origin is well explained by the outward bump of the P 1 + g potential. The correctness of the J = 0 assignment is verified from its polarization properties (see Fig. 5 ). The linewidth of this state is relatively large, indicating that the higher J states belonging to the P 1 + g , v = 1 rotational manifold will also feature large linewidths. This is used to disentangle them from the narrower I 1 + g , v = 4 resonances. Particularly interesting is the interference of both J = 1 rotational levels belonging to these states shown in the lower panel of Fig. 6 . The rotational progression of the P 1 + g , v = 1 state shows a strong rotationally dependent broadening, and we speculate that levels above J = 2 become too broad to be assigned. Even the . Certainly perturbations due to interactions with other states can affect the location of the rotational levels. Hence, due to insufficient experimental data in this region and the lack of theoretical calculations, the above assignment should be considered tentative.
E. The 7
1 + g , v = 0 state As explained in the above, in the region around 120 000 cm −1 two rotational progressions starting at J = 0 were observed. The second exhibits a higher rotational constant derived from only two observed rotational levels (J = 0, 1). The latter resonances were observed during additional measurements performed at higher excitation energy and are not included in Figs. 6 and 7 . In view of the larger rotational constant, these levels were tentatively assigned to the 7 1 + g , v = 0 state. We verified that these levels do not coincide with the levels detected by Jungen et al. 13 in the same energy range. There is no progression of states observed which may be systematically assigned to the (f) parity states of the S with the appropriate correction of 8.00 cm −1 as pointed out by Yu and Dressler. 19 Note that J in Fig. 6 as well. We postulate that the detection channel giving rise to H + signal involves absorption of a third photon. This additional photon brings the system above the ionization energy, where as a result of competition between dissociation and autoionization both channels are observed simultaneously.
Knowing the (f) states, it is evident which are the (e) states as the -doubling is small in states. The spectral lines probing the J 1 + g , v = 3 levels are among the strongest in the spectrum.
H. The EF 1 + g and GK 1 + g continua In the spectra of Figs. 6 and 7 broad "bumps" appear that we assign as excitation into the dissociative continua associated with the bound EF 1 + g and GK 1 + g states. In another study on two-step excitation 39 it was found that the H + dissociation signal emerges immediately at the onset of the dissociation threshold, in that case at the n = 3 limit. It shows that the direct continua are important for dissociation. In the case of the n = 2 limit the EF and GK states provide the direct continua. Franck-Condon overlap with the EF and GK continuum wave functions may cause the background continuum excitation in the higher energy region to become structured; the fact that both the EF and GK potentials exhibit a doublewell nature may cause a localization of the wave function possibly giving rise to shape resonances. Future calculations may confirm this. 2 diabatic potential. This may cause a strong (pre)dissociation, perhaps even to the extent that the resonant structure becomes washed out. If so, the H 1 + g , v = 3 resonances might contribute to the broad bumps assigned as EF and GK shape resonances in the above. In the study on the tunneling dynamics ofH 1 + g outer well states the decay lifetime of the levels confined to the outer well were found to equal the tunneling rates. 31, 32 So it was assumed that dissociation (and for the higher energy range also ionization) at short internuclear distance is immediate. If that were to be true in the lower energy region near 119 100 cm −1 this would explain the nonobservation of H 1 + g , v = 3 levels.
J. Further unassigned lines
There exist a few lines without assignment marked with asterisks in Figs. 6 and 7 . Some of them have very low intensities and may be spurious. There are no unassigned electronic states below 119 500 cm −1 that could explain any of these states; this is with the exception of the H 1 + g state, which is expected at lower energy. The transition marked on the dissociation trace via R(1) is not reproducible, which indicates that it can be an artifact. We speculate that these features relate to higher-lying dissociative resonances probed via multiphoton excitation from the intermediate C with identified J = 2 rotational quantum number, and at 120 192 cm −1 with possibilities J = 3 or 4. These unassigned lines at the high-energy edge of the presently covered spectral window might be the start of higher lying rotational progressions, e.g., of the 5 manifold.
V. CONCLUSION AND OUTLOOK
In the present experimental investigation on coherent two-step excitation the level structure of dissociating resonances in the singlet-g compartment of H 2 just above the n = 2 threshold have been recorded for the first time. Based on spectroscopic rules the resonances are assigned in terms of g electronic symmetries as well as rovibrational quantum numbers. These assignments are tentative in several cases because perturbations will affect the level structure above n = 2, as it occurs below the n = 2 limit.
In the present study 1 XUV + 1 VIS excitation leads to dissociation of the H 2 molecule. Experimentally the H(n = 2) fragments are detected without distinguishing between 2s and 2 p atomic hydrogen products. In principle a more sophisticated experimental approach is feasible, whereby only 2s products are probed. By employing a third independent pulsed laser system at delays exceeding 20 ns with respect to the two first excitation lasers the 2 p fragments will not be detected in view of their short lifetime (∼1 ns). Through the use of varying delays the contribution of 2s and 2 p fragments may be disentangled, providing more detailed information on the dissociation phenomena and the symmetries of the states involved.
Perturbations in the level structure above the n = 2 limit, where dissociation continua are expected to play a decisive role, can be dealt with in the theoretical framework of MQDT, which has proven successful in describing the level structure and the dissociation as well as ionization dynamics of molecules. In particular, for the H 2 molecule MQDT calculations are performed based on first principles without empirical parameters. MQDT has thus provided successful explanation of the level structure and dissociation dynamics in the singlet-u compartment, 40 and later also for the triplet states both of g and u character. 41, 42 In the singlet-g compartment the observations on the decay of highly excited resonances above the ionization potential 43 were explained in the framework of MQDT. 44 The dissociation range just above the n = 2 limit poses the problem of correctly incorporating the effect of the repulsive (2 pσ u ) 2 potential extending to large internuclear separation. The present observations on the dissociative resonances above n = 2 may guide future theoretical work in this range. widths in the II 1 g potential, and two anonymous referees for useful remarks that helped improve the manuscript.
